As the global burden of cancer increases, chemoresistance continues to obstruct progress in the long-term control of this disease ([@bib26]). Although chemotherapy is often effective in the short-term, it frequently serves as a potent selective pressure for the proliferation of preexisting resistant variants ([@bib15]). Furthermore, the heterogeneous nature of most cancers results in an increase in the diversity of resistant phenotypes, thereby increasing the likelihood of therapeutic failure ([@bib53]). Clinical studies show that most patients will experience a drug resistance--associated relapse within the first few years of initial treatment, resulting in the emergence of an even more aggressive cancer phenotype that is more likely to spread, leading to poor clinical outcomes and survival rates ([@bib2]; [@bib3]; [@bib8]; [@bib20]). Therefore, the identification of drug resistance targets *in vivo* represents an important challenge of significant current interest. Likewise, understanding the genetic basis of chemoresistance can have a direct impact on the development of novel combination therapies.

Previous efforts toward the identification of genes that confer resistance to anticancer drugs have focused on the use of genome-wide screens in *Saccharomyces cerevisiae*, a model eukaryotic organism with considerable homology to the human system ([@bib4]; [@bib13]; [@bib24]; [@bib38]; [@bib59]; [@bib72]). However, these approaches that rely on high-throughput screening methodologies primarily utilizing the yeast deletion collection or plasmid-based genomic libraries are limited in terms of the constrained range of genetic perturbations explored and the ability to rigorously validate the findings .

In an effort to address these challenges, we developed a rapid and systematic method that exploits the mutator phenotype of mismatch repair defective yeast cells combined with whole genome sequencing to identify mutations that confer resistance to anticancer drugs. Because loss of mismatch repair can increase the mutation rate by a factor of 10^4^, the significant increase in the genetic heterogeneity of the cell population facilitates the selection of drug-resistant variants ([@bib43]; [@bib60]). The mutation spectrum of mismatch repair defective cells is such that most events are likely to be easily validated inactivating frameshifts within repeat regions ([@bib45]; [@bib65]). Additionally, unlike the standard high-throughput methods discussed above, our system allows for the identification of rare mutations within essential genes, thereby expanding the range of resistance mutational events that may be identified. Finally, the use of replicates allows for rigorous validation of the identified resistance target.

Importantly, the experimental conditions used in our analysis are such that the yeast metabolic state resembles rapidly proliferating cancer cells, including increased levels of glucose uptake and fermentation (Warburg effect) as well as changes in amino acid and nucleotide metabolism ([@bib66]; [@bib74]). Additionally, the acidity of the yeast medium results in a lower extracellular pH similar to the environment of tumors ([@bib64]; [@bib63]).

The identification and evaluation of novel drug combinations to overcome or prevent resistance *in vivo* is another major challenge in cancer drug discovery. As such, we posit that yeast can serve as a powerful model organism for determining whether the pharmacological inhibition of drug-resistant mutant cells will prevent the development of chemoresistance.

In this work, we describe a simple platform capable of rapidly validating previously characterized drug resistance targets and identifying novel genes and pathways responsible for conferring resistance to clinically relevant anticancer compounds. We also provide results demonstrating the use of yeast as a platform for the development of combination therapeutic strategies designed to prevent the evolution of anticancer drug resistance.

Materials and Methods {#s1}
=====================

Reagents {#s2}
--------

A total of 2697 compounds were provided by the National Institutes of Health National Cancer Institute Developmental Therapeutics Program (NCI/DTP) Open Chemical Repository (<http://dtp.cancer.gov>). The four compound sets screened include: the "Approved Oncology Drugs Set IV" (plates 4762--4763) which consisted of 101 compounds; the "Diversity Set" (plates 4770--4789), which consisted of 1597 compounds; the "Mechanistic Set" (plates 4742--4752), which consisted of 879 compounds; and the "Natural Products Set II" (plates 13120880 and 13120881), which consisted of 120 compounds. The clinically relevant anticancer compounds camptothecin (NSC 94600), mechlorethamine (NSC 762), and bactobolin (NSC 325014) were obtained from the NCI/DTP Open Chemical Repository and selected for further study. Mitoxantrone, rapamycin, FK-506, and etoposide were purchased from Cayman Chemical. Canavanine and DMSO were purchased from Sigma Aldrich. Each compound was dissolved in DMSO.

Microbial and molecular techniques {#s3}
----------------------------------

Microbial and molecular techniques were described previously ([@bib14]). The wild-type strain MY12377 (*[his3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005728)-11,15 [ura3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000747)-1 [leu2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000523)-3,112 [RAD5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004022)[CAN1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000789)[hom3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000854)-10 [pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)∆*::*kanMX [erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)∆*::*[LEU2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000523)*) and *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*Δ strain MY12378 (*[his3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005728),11,15 [ura3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000747)-1 [leu2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000523)-3,112 [RAD5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004022)[CAN1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000789)[hom3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000854)-10 [pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)∆*::*KanMX [erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)∆*::*[LEU2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000523)[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)∆*::*[URA3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000747)*) are in the W303 strain background but have the wild-type *[RAD5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004022)* gene.

Small molecule screens and identification of resistance compounds {#s4}
-----------------------------------------------------------------

The *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ knockout strain and an *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆ triple knockout strains described above were grown in synthetic complete media at 30° overnight to reach saturation. The cultures were diluted 1:200 in synthetic complete media and dispensed in a 96-well flat-bottomed microtiter plates with wells containing either the chemical compounds or DMSO as the control. For the NCI/DTP compound libraries, two rounds of screening were performed. In the first round, compounds from the Diversity, Approved Oncology Drug, and Mechanistic sets were screened at a final concentration of 10 μM, whereas compounds from the Natural Product set were screened at a final concentration of 100 μM. Five optical density readings at 600 nm were taken over a 48-hr period using a Perkin Elmer Envision Microplate Reader. Promising compounds were selected for a secondary screen in which optical density readings at 600 nm were taken every 15 min over 48 hr using a BioTek Synergy ^1^H Microplate Reader. The growth rates and lag phases were determined using an R-based program written by Danielle Carpenter and modified by Matthew Cahn (Princeton, NJ).

Compounds that caused a prolonged lag phase in the mutator strain were categorized as resistance due to selection. A prolonged lag phase is defined as approximately two-times the lag phase of the control (DMSO) over 24 hr. Compounds that did not affect the lag phase in the mutator strain were categorized as resistance due to the mismatch repair defective phenotype ([Table S2](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS2.pdf)). From this initial screen, resistance hits were defined as compounds that exhibited a 2.5-fold lower OD~600~ reading in *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ knockout strain (WT) when compared to the *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ (*[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆) (*i.e.*, WT OD~600~/*[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*Δ OD~600~ ≤0.4). The resistance hits were rescreened using a Biotek microplate reader. In this case, selection resistance hits were defined as compounds that exhibited a prolonged lag phase phenotype in *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ cells (≥24 hr), and condition of mismatch repair deficiency resistance hits were defined as compounds that exhibited a "normal" lag phase phenotype (\<24 hr). In the initial NIH screen, two compounds (Celastrol and NSC 1011) causing particularly prolonged lag phases were found ([Table S1](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS1.pdf)) and two compounds were categorized as resistance due to the mismatch repair defective phenotype ([Table S2](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS2.pdf)).

A second screen was conducted to determine whether more clinically relevant compounds would also cause a prolonged lag phase phenotype at a higher dose. The Approved Oncology Drugs Set IV and the Natural Products Set II compounds were rescreened using the higher-resolution Biotek microplate reader. The metrics for selecting the compounds were as described above. Three compounds in the second screen were categorized as resistance due to selection ([Table S1](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS1.pdf)) and one compound was categorized as resistance due to the mismatch repair defective phenotype ([Table S2](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS2.pdf)).

In an effort to find more hits, a third screen was conducted with purchased clinically relevant compounds. Dose response analyses were conducted and the resistance phenotype was based on a qualitative assessment of the length of the lag phase as described above. A total of 13 compounds from this screen were categorized as resistance due to selection ([Table S1](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS1.pdf)). Six compounds were categorized as resistance due to the mismatch repair defective phenotype ([Table S2](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS2.pdf)). The data for all of the screens are found in the [Supporting Information](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/020560SI.pdf) ([File S1](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS1.xlsx), [File S2](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS2.xlsx), [File S3](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS3.xlsx), [File S4](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS4.xlsx), [File S5](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS5.xlsx), [File S6](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS6.xlsx)).

Drug resistance discovery platform {#s5}
----------------------------------

Select molecules were chosen to be used in the drug resistance discovery platform described in this article. Camptothecin was chosen as a control because the mode of resistance is known in humans and yeast. Mitoxantrone and mechlorethamine were chosen because they are anticancer drugs currently used in the clinic. Bactobolin was chosen because we found that this molecule specifically inhibited the growth of mismatch repair defective cells. Dose response experiments were conducted for these compounds to determine the optimal concentrations giving rise to resistance in the *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆ triple knockout strain mutator strain. The following range of concentrations were used: canavanine (100 μM--1 mM); camptothecin (10 μM--100 μM); mitoxantrone (10 μM--100 μM); mechlorethamine (10 μM--100 μM); and bactobolin (10 μM--100 μM).

For the canavanine, camptothecin, mechlorethamine, and mitoxantrone resistance experiments, the *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*Δ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ strain was inoculated in 5 ml of synthetic complete medium and grown to saturation overnight at 30°. Overnight cultures were diluted 1:200 in synthetic complete media. The diluted *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ cultures were grown in the presence of the compound at the dose of resistance in 96-well flat-bottomed microtiter plates in a shaking incubator at 30° until saturation was achieved (∼72 hr). Resistance cells were diluted 1:200 in synthetic complete media and dispensed into 96-well flat-bottomed microtiter plates and allowed to grow without drugs in a shaking incubator at 30° for 48 hr. The cultures were then diluted 1:200 in synthetic complete media containing the drug in 96-well flat-bottomed microtiter plates and optical density readings at 600 nm were taken at 15 min intervals over a 48-hr period on a BioTek Synergy ^1^H Microplate Reader. Six independent cultures exhibiting a normal lag phase in the presence of drug were chosen for whole genome sequencing.

For the bactobolin resistance experiments, the *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*Δ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ knockout strain was streaked out on nutrient agar plates to allow for selection of single colonies after growth for 2 d at 30°. Ninety-six colonies were selected and each colony was added to an individual well of a microtiter dish containing 200 μl of synthetic complete media. The samples were grown to saturation overnight at 30°. Overnight cultures were diluted 1:200 in synthetic complete media dispensed in a 96-well flat-bottomed microtiter plate. The diluted *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*Δ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ cultures were grown in the presence of the compound at the dose conferring resistance in a shaking incubator at 30° for 72 hr. The remainder of the bactobolin experiment was conducted as described above.

Illumina sequencing and analysis {#s6}
--------------------------------

Samples were prepared for sequencing by inoculating 10 μl from each of the six independent cultures into 20 ml of synthetic complete media. The cells were grown to saturation for 24--48 hr at 30°. Genomic DNA preparations from yeast were performed as previously described ([@bib14]). Yeast genomic DNA was prepared for sequencing using the Illumina TruSeq DNA sample preparation kit with indices for multiplexing. Whole genome sequencing was performed at the Lewis-Sigler Institute for Integrative Genomics Core Sequencing Facility using an Illumina HiSequation 2000. Lanes with 9--12 samples each were used. Single end reads of 74 bp were performed, giving an average of 66× coverage of each genome. The sequencing data are available through NCBI (SRA Study Accession Number SRP057759).

The sequence reads were mapped to the draft W303 genome as described previously ([@bib45]). Mutations were identified using Freebayes version 0.8.9.a for read groups ([@bib25]) using parameters published previously ([@bib45]). The chromosomal position of called mutations were processed using YeastMine Genomic DNA Search function ([@bib7]) to determine whether the mutations fell within genes and whether the same gene was mutated in all six isolates.

Combination therapy studies {#s7}
---------------------------

The gene-drug homozygous knockout data for *[IPT1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002479)* deletion strains were acquired from the yeast fitness database *(*<http://fitdb.stanford.edu>*/)*. Seven clinically relevant compounds shown to cause fitness defects in the *[IPT1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002479)* deletion strain include: bleomycin; floxuridine; mitomycin C; camptothecin; mechlorethamine; FK-506; and rapamycin. Overnight *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*Δ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ cultures were diluted 1:200 in synthetic complete media and added to 96 well plates containing 50 μM mitoxantrone in the absence or presence of the seven compounds: bleomycin (100 nM); mechlorethamine (100 nM); floxuridine (100 μM); mitomycin C (100 μM); FK-506 (100 μM); and rapamycin (1 nM). The compounds were used at a dose that does not inhibit the growth of the *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ or *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*Δ *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ cells. Cultures were grown at 30° with shaking and optical density readings at 600 nm were taken using a Perkin Elmer Envision Microplate Reader. Sample size for each experiment was 40. The error calculation was the SE of proportion.

Data availability {#s8}
-----------------

Strains are available upon request. [File S1](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS1.xlsx), [File S2](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS2.xlsx), [File S3](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS3.xlsx), [File S4](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS4.xlsx), [File S5](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS5.xlsx), and [File S6](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/FileS6.xlsx) contain the raw data from all of the screens. The sequencing data are available through National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) Study Accession Number SRP057759.

Results {#s9}
=======

Differences in lag phase distinguish the nature of drug resistance in a mutator strain {#s10}
--------------------------------------------------------------------------------------

To identify drugs with high susceptibility to resistance formation, we screened compounds provided by the National Institutes of Health National Cancer Institute Developmental Therapeutics Program (NCI/DTP) Open Chemical Repository. Because yeast cells are often refractory to the effects of small molecules due to the presence of multidrug transporters (encoded by the pleiotropic drug resistance, *PDR*, gene family) and the abundance of ergosterol (*ERG*) in the yeast plasma membrane, an *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ knockout strain and an *[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)*∆ *[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)*∆ *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆ triple knockout strain were constructed allowing for enhanced sensitivity to small molecules. The compounds were characterized according to their ability to inhibit growth in the mismatch repair proficient strain, the mismatch repair deficient strain or both. [Figure 1](#fig1){ref-type="fig"} summarizes the results of the screening. The leftmost panel shows that in the absence of drug (the DMSO control), there is no difference between the two strains in terms of lag phase, growth rate, or saturation point. The panel second from the left is representative of the 88 compounds that inhibited growth, irrespective of the mismatch repair status (sensitive). The three rightmost panels are representative of molecules resulting in an *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆-specific growth difference. One of the two compounds causing the *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)*∆ specific synthetic growth defect is shown in the rightmost panel.

![Examples of the effects of compounds of interest from the small molecule screening. Representative growth curves of *erg6*∆ *pdr5*∆ wild-type (WT) and *msh2*Δ *erg6*∆ *pdr5*∆ (*msh2*Δ) strains in the absence of a drug (DMSO control, No Drug), in the presence of a drug that inhibited the growth of both strains (sensitive), in the presence of 400 μM etoposide (resistant, short lag) or 100 μM camptothecin (resistant, long lag), or in the presence of 60 μM bactobolin (synthetic growth defect). Optical density readings at 600 nm (OD~600~) were taken every 15 min for 48 hr using a Biotek Plate Reader. The number of compounds remaining in each category after the screening process is indicated in the upper left of each panel of the *msh2*Δ curves. The three rightmost panels are representative of molecules resulting in an *msh2*∆-specific growth difference.](1925f1){#fig1}

Two types of resistance phenotypes were distinguishable by quantifying the lag phase ([Figure 1](#fig1){ref-type="fig"}). For the first resistance phenotype, the mismatch repair defective cultures displayed no significant lag phase, consistent with the resistance being a consequence of the mismatch repair defect ([Figure 1](#fig1){ref-type="fig"}, middle panel). The second phenotype, characterized by mismatch repair defective cultures with a long lag phase, was consistent with being caused by mutational events in resistance genes. As mentioned above, mismatch repair deficient cells accumulate mutations at a high rate. If a subpopulation of cells in the starting culture encodes a mutation conferring drug resistance, these cells will eventually dominate the culture when grown in the presence of the drug. Because only a small fraction of the cells in the starting culture carry the drug resistance mutation, it takes a longer time to enter the exponential phase, resulting in a "prolonged lag phase" phenotype, whereas if all the cells in starting culture are resistant, then there will be no significant lag phase. A total of 19 compounds resulted in a prolonged lag phase phenotype ([Table S2](http://www.g3journal.org/content/suppl/2015/07/21/g3.115.020560.DC1/TableS2.pdf)), and a total of nine compounds resulted in a normal lag phase phenotype (Table 2).

We confirmed that the lag phase could be used to distinguish between the types of resistance by examining the growth curves in response to two control drugs, etoposide, associated with resistance conferred by loss of mismatch repair activity ([@bib1]; [@bib17]; [@bib21]; [@bib22]; [@bib44]), and camptothecin, whereby the resistance is caused by a mutational event in the *[TOP1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005366)* locus ([@bib42]; [@bib56]). The middle panel in [Figure 1](#fig1){ref-type="fig"} shows the normal lag phase for the etoposide-treated cells compared to the prolonged lag phase for the camptothecin treated cultures (second from the right).

Whole genome sequencing of drug-resistant isolates is an effective method for identifying resistance targets {#s11}
------------------------------------------------------------------------------------------------------------

Exploiting the ability of mutator strains to generate mutations conferring resistance to anticancer drugs at a high rate, we developed a simple platform described below for the rapid identification of genes involved in the development of chemoresistance. We used chemically sensitive mismatch repair null cells to allow for the rapid selection of resistant variants combined with whole genome sequencing methods to identify the genetic alterations responsible for drug resistance. The method involves the propagation of a drug-sensitized mutator strain in microtiter dish wells containing the drug of interest. Mismatch repair defective cultures displaying resistance based on a prolonged lag phase in the presence of the drug were then passaged through a round of exponential growth in the absence of the drug. Finally, cells were cultured in fresh medium in the presence of the drug and cultures that no longer had a significant lag phase were selected for genomic DNA extraction for whole genome sequencing. The absence of a long lag phase after relieving the selective pressure ensures that the resistance was a consequence of a mutational event and not caused by regulatory mechanisms. As controls for the screening method, we examined two drugs, canavanine and camptothecin, each with known targets of resistance.

Canavanine ([Figure 2A](#fig2){ref-type="fig"}) is a toxic analog of arginine taken into the cells via the arginine permease encoded at the *[CAN1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000789)* locus ([@bib12]; [@bib58]). As mentioned above, if the *[CAN1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000789)* gene is inactivated, then the yeast become resistant to canavanine ([@bib71]). At a concentration of ∼200 μM, a typical mutator culture will show a long lag phase consistent with mutational event resistance ([Figure 2B](#fig2){ref-type="fig"}). To identify genomic changes associated with canavanine resistance, whole genome sequencing of six independently isolated canavanine-resistant cultures was performed. All of the isolates harbored frameshifts within the *[CAN1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000789)* gene ([Figure 2C](#fig2){ref-type="fig"}). The mutations were all single base insertions or deletions within homopolymer repeats (HPR) ([Figure 2D](#fig2){ref-type="fig"}). Although two isolates share the same frameshift mutation in *[CAN1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000789)*, they do not share any other mutations in common, suggesting that these inactivating events occurred independently.

![Verification of the resistance discovery method using canavanine. (A) The chemical structure of canavanine. The structure was rendered using ChemDraw. (B) Growth curves of *erg6*∆ *pdr5*∆ wild-type (WT) and *msh2*Δ *erg6*∆ *pdr5*∆ (*msh2*Δ) strains in the absence (No Drug) and presence of 200 μM canavanine (Can). Optical density readings at 600 nm (OD~600~) were taken every 15 min for 48 hr. (C) Schematic representation of the frameshift positions within the *CAN1* locus on chromosome V (chrV) conferring resistance to canavanine. The numbers indicate the chromosomal position. The mutations all resulted in frameshifts at homopolymers detailed in the bottom panel. (D) A table listing the mutations in *CAN1* conferring resistance to canavanine. The nucleotide position for each mutation is shown along with the region mutated. Because *CAN1* is in the opposite orientation (chrV:33466-31694) within the W303 reference genome, the sequence shown is the reverse complement of the reference genome for the given interval. The insertion or deletion at the homopolymeric run (highlighted in red) is indicated for each isolate, for example, a deletion at an A~6~ repeat followed by a C (AAAAAAC) would be designated A~6~C \> A~5~C, whereas an insertion would be CA~6~ \> CA~7~.](1925f2){#fig2}

The anticancer compound camptothecin ([Figure 3A](#fig3){ref-type="fig"}) is a well-characterized topoisomerase I inhibitor that targets the *[TOP1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005366)* gene ([@bib42]). Consistent with a mutational event resistance phenotype, the camptothecin resistance is characterized by a long lag phase ([Figure 3B](#fig3){ref-type="fig"}). As with canavanine, we identified six independent isolates with mutations in the *[TOP1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005366)* gene ([Figure 3C](#fig3){ref-type="fig"}). All six mutations represented frameshift mutations within homopolymer nucleotide stretches ([Figure 3D](#fig3){ref-type="fig"}). Taken together, this method proved to be a simple and rapid way to identify the drug resistance target for compounds when the loss of function of a single locus confers resistance.

![Verification of resistance discovery method using camptothecin. (A) Chemical structure of camptothecin. The structure was rendered using ChemDraw. (B) Growth curves of *erg6*∆ *pdr5*∆ wild-type (WT) and *msh2*Δ *erg6*∆ *pdr5*∆ (*msh2*Δ) strains in the absence (No Drug) and presence of 9 μM camptothecin (Camp). Optical density readings at 600 nm (OD~600~) were taken every 15 min for 48 hr. (C) Schematic representation of the frameshift positions within the *TOP1* locus on chromosome XV (chrXV) conferring resistance to camptothecin. The numbers indicate the chromosomal position. The mutations all resulted in frameshifts at homopolymers detailed in the bottom panel. (D) A table listing the mutations in *TOP1* conferring resistance to camptothecin. The nucleotide position for each mutation is shown along with the region mutated. The sequence given corresponds to the strand in the W303 reference genome. Because *TOP1* is in the opposite orientation (chrXV:315387-313078) within the W303 reference genome, the sequence shown is the reverse complement of the reference genome for the given interval. The nucleotide numbers differ slightly from the S288C draft genome. The specific insertion or deletion at the homopolymeric run (indicated in red) is indicated in a format described in [Figure 2](#fig2){ref-type="fig"}.](1925f3){#fig3}

The *Hnm1* transmembrane protein is the major resistance target for mechlorethamine {#s12}
-----------------------------------------------------------------------------------

Mechlorethamine ([Figure 4A](#fig4){ref-type="fig"}) is a frequently prescribed drug used to treat Hodgkin lymphoma and several other cancers ([@bib29]). Mechlorethamine is an alkylating agent and inhibits DNA replication via the formation of interstrand crosslinks ([@bib51]; [@bib57]). We found that the growth curves of mechlorethamine resistance are consistent with a mutational event resistance ([Figure 4B](#fig4){ref-type="fig"}). Whole genome sequencing of mechlorethamine-resistant strains revealed *[HNM1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003045)* as the primary resistance locus. *[HNM1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003045)* encodes a small molecule transporter that presumably allows for entry of mechlorethamine within the cell ([@bib47]). We identified four frameshifts within homopolymeric repeats, a nonsense mutation generating a truncation, and a missense mutation within a transmembrane region ([Figure 4, C and D](#fig4){ref-type="fig"}). The missense mutation was a C-to-T substitution causing the glycine at amino acid 65 to be changed to an arginine (G65R). G65 is located in transmembrane domain I and substitution of the arginine results in the introduction of a positive charge likely to destabilize the hydrophobic transmembrane domain. Taken together, our assay provides direct evidence that loss of function of *[HNM1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003045)* is the major drug-resistant target for mechlorethamine.

![Inactivation of the Hnm1 transporter is the major cause of resistance to mechlorethamine. (A) Chemical structure of mechlorethamine. The structure was rendered using ChemDraw. (B) Growth curves of *erg6*∆ *pdr5*∆ wild-type (WT) and *msh2*Δ *erg6*∆ *pdr5*∆ (*msh2*Δ) strains in the absence (No Drug) and presence of 70 μM mechlorethamine (Mech). Optical density readings at 600 nm (OD~600~) were taken every 15 min for 48 hr. (C) Schematic representation of the frameshift positions within the *HNM1* locus on chromosome VII (chrVII) conferring resistance to mechlorethamine. The numbers indicate the chromosomal position. The mutations were frameshifts at homopolymers, a missense mutation (GGA \> AGA), and a nonsense mutation (TAT \> TAA), and are detailed in the bottom panel. (D) A table listing the mutations in *HNM1* conferring resistance to mechlorethamine. The nucleotide position for each mutation is shown along with the region mutated. The sequence given corresponds to the strand in the W303 reference genome. Because *HNM1* is in the opposite orientation (chrVII: 363916--362225) within the W303 reference genome, the sequence shown is the reverse complement of the reference genome for the given interval. The nucleotide numbers differ slightly from the S288C draft genome. The mutated nucleotides for the point mutations are underlined. The mutated codons and homopolymers are indicated in red. The specific insertion or deletion at the homopolymeric run is indicated in a format described in [Figure 2](#fig2){ref-type="fig"}.](1925f4){#fig4}

Mutations in genes in the endocytosis pathway confer resistance to bactobolin {#s13}
-----------------------------------------------------------------------------

Bactobolin ([Figure 5A](#fig5){ref-type="fig"}), an anticancer compound with protein synthesis inhibitory activity, has demonstrated *in vitro* cytotoxicity against the human melanoma cell line B16 and has also prolonged the survival time of mice with leukemia L-1210 ([@bib40]; [@bib41]). Therefore, the potent anticancer activity of bactobolin necessitates further investigation into possible modes of resistance, allowing for the design of bactobolin-based combination therapies. As with the other compounds used in this analysis, the resistance profile for bactobolin is consistent with a mutational event ([Figure 5B](#fig5){ref-type="fig"}). The results from the bactobolin resistance experiments failed to reveal a single resistance locus; however, a gene ontology analysis showed there was a significant enrichment of genes involved in endocytosis. Each isolate contained an inactivating mutation within a gene in the endocytosis pathway; five were frameshift events and one destroyed a splice donor consensus sequence ([Figure 5, C and D](#fig5){ref-type="fig"}). Taken together, the results suggest that the endocytosis pathway is important for the entry of bactobolin into the cells. Furthermore, the results show that a pathway is also easily identified by using this simple platform.

![Mutations in the endocytosis pathway confer resistance to bactobolin. (A) Chemical structure of bactobolin. The structure was rendered using ChemDraw. (B) Growth curves of *erg6*∆ *pdr5*∆ wild-type (WT) and *msh2*Δ *erg6*∆ *pdr5*∆ (*msh2*Δ) strains in the absence (No Drug) and presence of 100 μM bactobolin (Bact). Optical density readings at 600 nm (OD~600~) were taken every 15 min for 72 hr. (C) The table lists the genes and mutations conferring resistance to bactobolin. The coding strand nucleotide sequence and mutation for each isolate is shown. Five caused inactivating frameshifts and one (within *YSC84*) resulted in a mutation in the splice donor consensus sequence (SDC). (D) A schematic drawing of the clathrin-dependent endocytic pathway is adapted from a previously published model ([@bib69]). The black line represents a membrane undergoing endocytosis. The endocytosis components that were identified are represented with colors: Ede1 (red); Ysc84 (green); Vrp1 (orange); Sla2 (purple); and Inp52 (blue). Other endocytosis components are in gray.](1925f5){#fig5}

*IPT1*, a gene implicated in sphingolipid biosynthesis, is the major resistance target for cells treated with mitoxantrone {#s14}
--------------------------------------------------------------------------------------------------------------------------

Mitoxantrone ([Figure 6A](#fig6){ref-type="fig"}) is a commonly prescribed drug used to treat a wide variety of cancers and autoimmune diseases ([@bib33]). Mitoxantrone inhibits rapidly dividing cells by targeting topoisomerase II during DNA synthesis ([@bib10]; [@bib23]). The mitoxantrone resistance phenotype is consistent with a mutational event resistance ([Figure 6B](#fig6){ref-type="fig"}). We identified the mutations within six isolates and found that the *[IPT1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002479)* gene is the major target for mitoxantrone resistance ([Figure 6C](#fig6){ref-type="fig"}). All of the isolates had frameshift mutations at homopolymeric repeats within the *[IPT1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002479)* gene ([Figure 6D](#fig6){ref-type="fig"}). *[IPT1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002479)* encodes an inositolphosphotransferase involved in synthesis of mannose-(inositol-phosphate)~2~-ceramide, with the most abundant sphingolipid in yeast ([@bib18]). These data suggest that entry of mitoxantrone may depend on lipid rafts or essential transporters within lipid rafts. Interestingly, in human cell lines, mitoxantrone resistance has been linked to differences in plasma membrane permeability ([@bib11]).

![Inactivation of Ipt1 is the major cause of resistance to mitoxantrone. (A) Chemical structure of mitoxantrone. The structure was rendered with ChemDraw. (B) Growth curves of *erg6*∆ *pdr5*∆ wild-type (WT) and *msh2*Δ *erg6*∆ *pdr5*∆ (*msh2*Δ) strains in the absence and presence of mitoxantrone (50 μM). Optical density readings at 600 nm (OD~600~) were taken every 15 min for 48 hr. The OD~600~ offset observed in the presence of the drug is due to the colored nature of mitoxantrone. (C) Schematic representation of the frameshift positions within the *IPT1* locus on chromosome IV (chrIV) conferring resistance to mitoxantrone. The numbers indicate the chromosomal position. The mutations all resulted in frameshifts at homopolymers detailed in the bottom panel. (D) A table listing the mutations in *IPT1* conferring resistance to mitoxantrone. The nucleotide position for each mutation is shown along with the region mutated. The sequence given corresponds to the strand in the W303 reference genome. Because *IPT1* is in the opposite orientation (chrIV: 591344--589761) within the W303 reference genome, the sequence shown is the reverse complement of the reference genome for the given interval. The nucleotide numbers differ slightly from the S288C draft genome. The specific insertion or deletion at the homopolymeric run is indicated in a format described in [Figure 2](#fig2){ref-type="fig"}.](1925f6){#fig6}

Combination therapeutic approaches are capable of blocking resistance formation {#s15}
-------------------------------------------------------------------------------

The development of simple and rapid methods for developing effective combination therapies designed to prevent the emergence of drug-resistant variants remains a tremendous challenge in cancer research. Our approach to overcoming this challenge involves the use of the yeast fitness database (FitDB), which is a genome-wide collection of fitness profiles for ∼4800 single gene yeast deletion strains in response to 400 small molecules and a wide variety of different growth conditions ([@bib36]; [@bib35]). To narrow the list of clinically used drugs capable of targeting and inhibiting the growth of mitoxantrone-resistant cells, we searched the fitness database for drugs that can cause a fitness defect in cells carrying *[IPT1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002479)* null mutations, which results in mitoxantrone resistance. The compounds selected for this study include bleomycin, floxuridine, mitomycin C, camptothecin, mechlorethamine, FK-506, and rapamycin. The compounds used in combination with mitoxantrone do not have any obvious phenotype when administered singly to the *[msh2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005450)[erg6](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004467)[pdr5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005679)* strain at the low doses used for the combinations. Although all compounds were able to inhibit the development of resistance ([Table 1](#t1){ref-type="table"}), the combination of mitoxantrone and a TOR inhibitor (rapamycin and FK-506) appear to be the most effective regimens in the prevention of mitoxantrone resistance. This study demonstrates the utility of yeast as a tool for the development of combination therapeutic strategies.

###### Drug combinations to prevent mitoxantrone resistance

  Drug Combination                        Mitoxantrone-Resistant Cultures (n = 40)
  --------------------------------------- ------------------------------------------
  Mitoxantrone + DMSO control             98 ± 2%
  Mitoxantrone + mechlorethamine          74 ± 7%
  Mitoxantrone + floxuridine              64 ± 8%
  Mitoxantrone + bleomycin                28 ± 7%
  Mitoxantrone + camptothecin             13 ± 5%
  Mitoxantrone + mitomycin C              3 ± 3%
  Mitoxantrone + rapamycin                0%
  Mitoxantrone + FK506 rapamycin analog   0%

Error bars reflect the standard error of proportion.

Discussion {#s16}
==========

Summary {#s17}
-------

Chemoresistance represents a primary challenge in medical treatments for conditions ranging from cystic fibrosis to cancer ([@bib62]). Although chemoresistance continues to be a significant impediment to effective medical treatments, the number of strategies designed to address resistance is limited. The ability to rapidly identify drug resistance mechanisms would provide the information necessary for the development of more effective treatment strategies. In this work, we describe a simple platform that exploits the mutator phenotype of mismatch repair defective yeast cells combined with whole genome sequencing to identify drug resistance mutations in key pathways involved in the development of chemoresistance. Using a mismatch repair defective mutator strain allows for a spectrum of inactivating mutations, including frameshift, nonsense, missense, and splice-site mutations in drug resistance candidate genes. In this work we also outline a method that rapidly screens drugs that target resistant cells to use in combination and prevent resistance formation. Using mitoxantrone resistance as a case study, we showed that this platform provides an efficient method for evaluating and prioritizing effective drug combinations capable of preventing the emergence of resistant cells from dominating a population.

Using a yeast mutator strain allows for the rapid identification and validation of drug resistance targets with inactivating mutations in single genes, gene pathways, and essential genes {#s18}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Prior to the completion of the yeast deletion collection, the process for identifying resistance targets involved chemical or ultraviolet light mutagenesis followed by the selection of drug-resistant mutants. After identification of resistant isolates, a thorough genetic characterization of the resistance alleles was required before classical cloning methods and linkage analysis fully verified the genetic basis of the resistance. The methods were thorough, but laborious. The platform described in this work allows for the rapid identification and verification of drug resistance targets and is broadly applicable to any compounds resulting in a resistance phenotype. The preponderance of frameshifts in mismatch repair defective cells allows for a straightforward characterization of the molecular nature of the resistance. Unlike screens using the yeast deletion collection, this method is able to characterize rare alleles of essential genes responsible for conferring resistance.

In this work we showed that frameshift mutations identified in *[CAN1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000789)* and *[TOP1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005366)*, drug resistance targets for canavanine and camptothecin, respectively, validated the use of this platform for determining the genetic basis of drug resistance. Identification of a variety of mutation types (nonsense, frameshift, and missense) in the *[HNM1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003045)* transporter gene for mechlorethamine-resistant cells confirmed the effectiveness of this technique for validating previous findings ([@bib47]). Additionally, we identified a novel resistance mechanism for mitoxantrone involving sphingolipid biosynthesis. The mitoxantrone-resistant cells all contained frameshift mutations in the sphingolipid biosynthetic gene *[IPT1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002479)*, suggesting that the primary mechanism of resistance is reduced membrane permeability. Although most of the resistance mechanisms involved single gene events, we also demonstrated that pathways are readily identifiable for certain drug resistance phenotypes; for example, bactobolin resistance was shown to be a consequence of mutations in endocytosis genes.

The resistance targets are likely to be similar in mammalian cells {#s19}
------------------------------------------------------------------

An important issue is the transferability of the findings to mammalian cells. In the case of camptothecin, the resistance target in yeast and humans are identical. In both cases, inactivating mutations in topoisomerase 1 render the cell resistant to the cytotoxic effects of camptothecin ([@bib56]). Additionally, in yeast and humans, mechlorethamine is taken up by the choline transporter ([@bib19]; [@bib46]; [@bib47]). Therefore, the mechanism of resistance to mechlorethamine is expected to be similar. In the case of mitoxantrone, amphiphilic drugs like mitoxantrone or its analogs (*e.g.*, doxorubicin) get into the cell by passive diffusion ([@bib67]). Therefore, altering the composition of the plasma membrane via sphingolipid biosynthesis should cause resistance to amphiphilic drugs like mitoxantrone in yeast and humans ([@bib61]). It is of interest that in human cell lines, mitoxantrone resistance is associated with differences in plasma membrane permeability ([@bib11]). Finally, a common mechanism of resistance is the reduction of intracellular drug levels that can occur via a variety of ways including inhibiting endocytosis, as in the case of bactobolin ([@bib30]). In summary, all of the resistance targets uncovered in this analysis are likely to be applicable to mammalian cells.

Yeast as an organism for drug discovery for the treatment of human diseases {#s20}
---------------------------------------------------------------------------

*Saccharomyces cerevisiae* has a long history in the field of chemical genomics ([@bib6]; [@bib27], [@bib28]; [@bib37]; [@bib39]; [@bib50]; [@bib54], [@bib55]; [@bib56]). Its complete and well-annotated genome and highly conserved genetic and biological pathways make it a powerful tool for the mechanistic investigation of clinically relevant bioactive compounds. For instance, rapamycin is an immunosuppressive drug with anticancer properties ([@bib32]; [@bib68]). The target of rapamycin (TOR) proteins were originally identified via the genetic screening of rapamycin-resistant clones in yeast ([@bib34]; [@bib49]). These proteins were later found to be functionally conserved from yeast to humans ([@bib16]). Likewise, the discovery of the copper transporter *[CTR1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003045)* was first discovered in yeast and was later found to be the cause of cisplatin resistance in humans ([@bib48]; [@bib73]). As a final example, a yeast chemical genetic screen identified splitomycin as an inhibitor of the highly conserved [Sir2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002200) histone acetyltransferase ([@bib9]). Splitomycin has since been used for as a mechanistic probe of SIRT1, the human homolog of [Sir2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002200) ([@bib70]). In summary, yeast is a powerful model organism with a proven history of facilitating the understanding of the molecular mechanisms of drug action and resistance that are applicable to treating human disease in the clinic.

The use of yeast to efficiently find combination drug therapies to prevent chemoresistance formation in patients {#s21}
----------------------------------------------------------------------------------------------------------------

Once the mechanism of resistance has been determined, combination therapies could potentially allow for the direct targeting of resistant mechanisms. Eradication of resistant populations would significantly reduce the commonplace problem of cancer recurrence. The experimental convenience of *Saccharomyces cerevisiae* as a model organism allows for the screening of potential drugs capable of targeting resistance mechanisms. Our results suggest that the combination of an anticancer drug and a drug known to reduce the fitness of cells carrying null mutations in genes conferring resistance can be an effective strategy for tackling chemoresistance. We quantified the effectiveness of dual treatments and found that the combination of mitoxantrone and rapamycin completely prevented the emergence of mitoxantrone-resistant cells. Evidence for the ability of TOR inhibitors to prevent and reverse chemoresistance has been documented in human cells with mitoxantrone analogs, doxorubicin, and daunomycin ([@bib5]; [@bib31]; [@bib52]). In conclusion, this report describes a rapid method for identifying drug resistance mutations and identifying cotreatment strategies that prevent the selection and evolution of resistance phenotypes. The speed and accuracy of our approach demonstrates the potential applications of this technique.
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